Fu LW, Phan A, Longhurst JC. Myocardial ischemia-mediated excitatory reflexes: a new function for thromboxane A 2? Am J Physiol Heart Circ Physiol 295: H2530 -H2540, 2008. First published October 24, 2008 doi:10.1152/ajpheart.00790.2008.-Clinical and experimental evidence has shown that myocardial ischemia activates cardiac spinal afferents that mediate sympathoexcitatory reflex responses. During myocardial ischemia, thromboxane A 2 (TxA2) is released in large quantities by activated platelets in the coronary circulation of patients with coronary artery disease. We hypothesized that endogenous TxA 2 contributes to sympathoexcitatory reflexes during myocardial ischemia through stimulation of TxA2/prostaglandin endoperoxide (TP) receptors. Regional myocardial ischemia was induced by occlusion of a diagonal branch of left anterior descending coronary artery of anesthetized cats. Hemodynamic parameters and renal sympathetic nerve activity were recorded after sinoaortic denervation and bilateral vagotomy. Regional myocardial ischemia evoked significant increases in mean blood pressure (122 Ϯ 10 vs. 139 Ϯ 12 mmHg, before vs. ischemia), aortic flow (153 Ϯ 18 vs. 167 Ϯ 20 ml/min), first derivative of left ventricular pressure at 40-mmHg developed pressure (2,736 Ϯ 252 vs. 2,926 Ϯ 281 mmHg/s), systemic vascular resistance (0.6 Ϯ 0.1 vs. 0.9 Ϯ 0.12 peripheral resistance units), and renal sympathetic nerve activity (by 22%). The reflex nature of the excitatory responses was confirmed by observing its disappearance after blockade of cardiac nerve transmission with intrapericardial 2% procaine treatment. Moreover, application of U-46619 (2.5-10 g), a TxA2 mimetic, on the heart caused graded increases in mean arterial pressure and renal nerve activity, responses that were abolished 3 min after local blockade of cardiac neural transmission with intrapericardial procaine. BM 13,177 (30 mg/kg iv), a selective TP receptor antagonist, eliminated the reflex responses to U-46619 and significantly attenuated the excitatory responses during brief (5 min) regional myocardial ischemia. The sympathoexcitatory reflex responses to U-46619 were unchanged by blockade of histamine H 1 receptors with pyrilamine and serotonin 5-HT3 receptors with tropisetron, indicating specificity of this TP receptor agonist. These data indicate that endogenous TxA2 participates in myocardial ischemia-mediated sympathoexcitatory reflex responses through a TP receptor mechanism. sympathetic nerves; U-46619; BM 13,177 CLINICAL OBSERVATIONS INDICATE that angina pectoris can be accompanied by either hypertension and tachycardia, hypotension and bradycardia, or hypotension and tachycardia (19, 20, 30) . The latter response very likely is mediated by the baroreceptor-induced reflex chronotropic response to the hypertension. The former two responses more likely are caused by cardiogenic reflexes. In fact, myocardial ischemia is a powerful stimulus that can activate both vagal and sympathetic (spinal) cardiac sensory nerve fibers. Excitation of cardiac vagal afferents leads to inhibitory reflex responses, including hypotension, bradycardia, and decreased peripheral vascular resistance (33, 48, 55) . Our laboratory (28) and others (29, 55) have shown that activation of cardiac sympathetic afferent elicits excitatory responses, including hypertension, tachycardia, and increased vasomotor tone. Bilateral removal of the stellate ganglia and excision of the first through fifth thoracic sympathetic ganglia in patients relieves cardiac nociception and the associated excitatory reflex responses during myocardial ischemia (56), indicating that sympathetic pathways transmit information that produce pain and excite the cardiovascular system.
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Mechanisms underlying myocardial ischemia-mediated excitatory reflex responses have been investigated for many years. A number of metabolites, including reactive oxygen species, protons derived from lactic acid, bradykinin, serotonin, histamine, and cyclooxygenase products, have been reported to evoke excitatory cardiovascular reflexes and to stimulate or sensitize cardiac spinal afferents (13-15, 23, 38, 47, 49, 51) . However, the role of thromboxane A 2 (TxA 2 ) in the heart with respect to its role in initiating ischemia-mediated reflex responses has not been evaluated.
TxA 2 , a metabolite of arachidonic acid, is produced during myocardial ischemia and functions as a vasoconstrictor agent and a platelet activator. In this respect, previous studies have documented release of TxA 2 during myocardial ischemia in patients with angina and myocardial infarction, as well as in animal models following coronary arterial occlusion (11, 21, 39) . Other laboratories have shown that TxA 2 is a strong vasoconstrictor agent and induces platelet aggregation (2) . TxA 2 also may influence neuronal function, although evidence for this action is limited. In this regard, Karla and colleagues (24) observed that infusion of the stable TxA 2 analog, U-46619, into the inferior vena cava causes vagally mediated, rapid, shallow breathing and pulmonary hypertension (42) . Furthermore, U-46619 activates cardiac vagal afferent nerves that produce reflex bradycardia (53) . U-46619 also is capable of directly stimulating hindlimb group III and IV somatic sensory nerves (25) . These observations on exogenous TxA 2 led us to speculate that endogenous TxA 2 may activate cardiac sympathetic nerves during ischemia and thus contribute to ischemia-mediated sympathoexcitatory reflex responses. This possibility was reinforced by our laboratory's recent study showing that cardiac sympathetic afferents are activated, in part, through a mechanism involving TxA 2 (16) .
Previous studies have demonstrated that activated platelets, stimulated by platelet TxA 2 /prostaglandin endoperoxide (TP) receptor, release 5-HT and histamine from their dense granules (9, 32) . Our laboratory's previous data indicate that 5-HT and histamine excite cardiac sympathetic afferents (13, 15) . Thus it is likely that 5-HT and histamine may contribute to the TxA 2 -related excitatory reflex responses through stimulation of cardiac afferents.
The aim of the present study, therefore, was to determine whether endogenously produced TxA 2 contributes to myocardial ischemia-induced sympathoexcitatory reflex responses. We hypothesized that TxA 2 evokes sympathoexcitatory reflex responses through stimulation of cardiac afferent nerves, and that blockade of TP receptors would attenuate myocardial ischemia-related excitatory responses. Furthermore, we postulated that TxA 2 would elicit excitatory reflexes partially through the release of 5-HT and histamine from platelets and through their actions on cardiac afferents. To achieve this goal, we used a modified model of regional myocardial ischemiainduced reflexes in baro-denervated and vagotomized cats from one that had been previously described (27) . A preliminary report of a portion of this study has been published (40) .
METHODS

Surgical Preparation
All experimental preparations and protocols were reviewed and approved by the Animal Care and Use Committee at the University of California, Irvine. The studies conformed to American Physiological Society's "Guiding Principles in the Care and Use of Animals." Fifty-nine adult cats of either sex (2.1-4.8 kg) were anesthetized with intramuscular injection of ketamine (20 -30 mg/kg) followed by a bolus intravenous injection of ␣-chloralose (40 -50 mg/kg) through the femoral vein. Additional ␣-chloralose (5-10 mg/kg iv) was given, as needed, to maintain an adequate depth of anesthesia that was assessed by observing the absence of a conjunctival reflex. The trachea was intubated, and respiration was maintained artificially (model 661, Harvard ventilator, Ealing, South Natick, MA). A femoral vein was cannulated to administer drugs and fluids. Systemic arterial blood pressure (BP) was monitored by a pressure transducer attached to a cannula inserted into the femoral artery. Arterial blood gases and pH were measured with a blood-gas analyzer (ABL 5, Radiometer America, West Lake, OH) and maintained within physiological limits (PO2 Ͼ 100 Torr, PCO2 28 -35 Torr, pH 7.35-7.45) by adjusting the respiratory rate or tidal volume or by administering NaHCO3 (1 M iv). Body temperature was monitored by a rectal thermistor and maintained at 36 -38°C with a circulating water heating pad and heat lamp. At the end of the experiment, animals were euthanized by administering a solution of saturated potassium chloride into the femoral vein under deep anesthesia that was ensured by giving an additional dose of ␣-chloralose (50 mg/kg iv) just before injection of potassium.
After midline sternotomy, a small incision was made in the pericardium to expose the anterior portion of the heart for occlusion of the coronary arteries to induce myocardial ischemia and to allow epicardial application of drugs. The exposed portion of the heart was prevented from drying by covering the open thorax with a salinesoaked gauze pad and a plastic sheet.
In some of the cats, a small incision into the left fourth or fifth intercostal space was made to expose the pericardium. A PE 60 catheter with six perforations in its distal end was introduced into the pericardium for intrapericardial application of drugs. Care was taken to eliminate any leaks from the pericardium by tightening the small hole in the pericardium through which the catheter had been introduced with a silk suture. We observed no leakage over a 5-min period after injection of 2 ml of saline. Following this procedure, the ribs were approximated, and the chest was closed.
A ventral abdominal midline incision in some cats was used to expose the gallbladder for topical application of bradykinin. The gallbladder was kept moist by application of a saline-soaked gauze pad and a plastic sheet over the organ after exposure.
For measuring left ventricular (LV) pressure (LVP) in some of the cats, a catheter-tip (4F) pressure transducer (Millar PC-350, Millar, Houston, TX) was placed in the cavity of the LV through the apex. The first derivative of LVP (dP/dt) was obtained by processing the LVP signal with a differentiator amplifier (model 13-4615, Gould, Cleveland, OH). The LV dP/dt at 40-mmHg developed pressure (LV dP/dt40) was calculated as an index of myocardial contractility, since this index is affected minimally by alterations in preload or afterload (31) .
An electromagnetic flow transducer (T106X/T206X, Transonic Systems, Ithaca, NY) was positioned around the ascending aorta to measure mean aortic flow (MAF) as an index of cardiac output (CO). Total peripheral vascular resistance was calculated as MAF divided by mean arterial pressure (MAP) and was expressed in terms of peripheral resistance units. All hemodynamic parameters were recorded continuously on a chart recorder (TA 4000B, Gould, Cleveland, OH) and were processed with a Pentium computer with Spike 2 software through an analog-to-digital converter (CED micro 1401 mkII; CED, Cambridge, UK) for subsequent off-line analysis (Spike 2, Cambridge Electronics Design, Cambridge, UK).
Sinoaortic Denervation and Cervical Vagotomy
Sinoaortic denervation and cervical vagotomy were performed to minimize the BP "buffering" action of arterial baroreceptors and to eliminate the influence of vagal cardiac afferents that could mask the reflex responses to stimulation of sympathetic afferents (23) . Briefly, a midline cervical incision was made to expose the carotid arteries and cervical vagi bilaterally. Each carotid sinus nerve was identified, ligated, and cut under a dissecting microscope (Zeiss). The vagal cardiopulmonary receptors and aortic arch baroreceptors were denervated by transecting both cervical vagi. Barodenervation was verified by noting the absence of the normal decrease of heart rate (HR) in response to ϳ40-mmHg increase in arterial BP induced by administration of phenylephrine (10 g/kg iv).
Renal Sympathetic Nerve Recording
Cats were placed in the lateral decubitus position. An incision was made in the left flank, and the renal sympathetic nerve was exposed retroperitoneally. A dissecting microscope (Zeiss) was used to isolate a branch of the renal nerve from surrounding connective tissue. The nerve was covered with warm mineral oil and placed across one pole of a recording electrode. The other pole of the recording electrode was grounded with a cotton thread to the animal. The recording electrode was attached to a high-impedance probe (model HIP511, GrassTelefactor, West Warwick, RI). The signal was amplified and processed through an audio amplifier (AM8B audiomonitor, GrassTelefactor) with the low-frequency cutoff set at 30 Hz and highfrequency cutoff set at 3 kHz. The amplified signal was monitored on an oscilloscope (model 2201, Tektronix, Beavertown, OR) and was processed with a Pentium computer through an analog-to-digital converter (CED micro 1401 mkII, Cambridge, UK) for subsequent offline analysis. Discharge activity of the renal sympathetic nerve was analyzed with data acquisition and analysis software (Spike 2). Electrical noise level in neural recordings was determined after crushing the nerves at the end of the experiment. A window discriminator was set just above the noise level so that only renal nerve discharge signals were counted. Nerve discharge signals also were rectified and averaged over a period of 10 s with software (Spike 2) and denoted as integrated renal sympathetic nerve activity (RSNA).
Experimental Protocols
Regional myocardial ischemia model. After completion of the surgical preparation, a minimum of 60 min was allowed for stabilization of arterial pressure. In a preliminary study, 5 min of regional myocardial ischemia were induced, as described previously (27) . In brief, with the aid of a surgical microscope (Zeiss), the main left anterior descending (LAD) artery was dissected carefully from the surrounding tissue, avoiding damage to the pericoronary nerve. A snare was passed loosely around the distal third of the LAD for subsequent coronary occlusion. We determine regional ischemia by observing a regional change in the color of the myocardium, which has been shown previously to closely correlate with the production of lactic acid, as indicated by a reduction in tissue pH (38) . Changes in tissue pH actually are a more direct indicator of myocardial ischemia than changes in regional cardiac function, as shown by hemodynamic parameters. We have used this method as an index of myocardial ischemia in our laboratory's previous studies (13, 15, 22, 50) . We initially induced regional ischemia in three barodenervated, vagotomized cats. We observed that ischemia increased MAP by only 2 and 5 mmHg in two of the cats and decreased MAP by 2 mmHg in one cat. We, therefore, changed the model slightly to allow brief regional myocardial ischemia induced by occlusion of the second or third diagonal branch of the LAD in two barodenervated, vagotomized cats for 5 min. We observed consistent increases in MAP by 20 and 28 mmHg during regional ischemia and, therefore, chose the latter model of ischemia for the present study.
To determine the sympathoexcitatory reflex responses to myocardial ischemia, we divided 23 animals into three groups. In the first group of cats (n ϭ 10), arterial BP, HR, aortic flow, LVP, and LV dP/dt 40 were recorded during 5 min of preischemia, ischemia, and reperfusion.
In the second group of eight other cats, we evaluated the reproducibility of sympathoexcitatory reflex responses to regional myocardial ischemia. After stabilization of arterial pressure and RSNA in this group, an initial 5-min period of regional myocardial ischemia was induced, while RSNA, BP, and HR were recorded. A second 5-min period of ischemia was induced 15 min after intravenous administration of 2 ml of 2% NaHCO 3 (vehicle for BM 13,177), which was 30 min after the initial ischemia.
In the third group of five separate cats, we examined the influence of cardiac afferent blockade with the local anesthetic procaine on the sympathoexcitatory reflex responses to myocardial ischemia. After the preparation had stabilized, an initial 5-min period of regional ischemia was induced while RSNA, BP, and HR were recorded. We then topically applied 0.3 ml of 2% procaine to the ischemic area around the second or third diagonal branch of the LAD using a 2-cm 2 patch of filter paper. Regional myocardial ischemia was induced for a second time 3 min after application of procaine and 30 min after the initial bout of ischemia. Previous studies have demonstrated that this dose of procaine eliminates cardiac reflex responses by blocking cardiac afferent neurotransmission (3, 10) , since cardiac sympathetic afferent nerve endings are located mainly in the epicardial layer of the myocardium (4). Lastly, bradykinin (3 g, Sigma-Aldrich, St. Louis, MO) was applied to the gallbladder to verify that the animals remained reflexogenic.
Dose response. In eight other animals, 0.1 ml of U-46619 or 2% ethanol (vehicle) was applied epicardially, either to the anterior ventricular surface or through a catheter placed in the pericardial space. Initially, we applied 0.1 ml of U-46619 to the anterior ventricular surface with a 2-cm 2 filter paper in three animals and observed sympathoexcitatory reflex responses ranging from 17-to 23-mmHg increases in MAP and 16 -24% increases in RSNA. In five other cats, we observed similar responses (MAP: 18 -25 mmHg and RSNA: 17-27%) following injection of 0.1 ml of U-46619 into the pericardial space. Thus, in subsequent protocols, we used intrapericardial application of U-46619, 2% procaine, or vehicle rather than epicardial application. U-46619 and the vehicle were applied randomly. The heart was washed with 2 ml of warm saline (35°C) three times after each application of drug or vehicle. BP, HR, and RSNA were recorded in this protocol. Dose-response curves were generated with three doses of U-46619 (2.5, 5, and 10 g, Sigma-Aldrich) applied at least 20 min apart to avoid tachyphylaxis. Twenty-five minutes after completion of the dose-response curve, 10 g of U-46619 were reapplied to evaluate for consistency of the reflex response to this dose of U-46619, which served as a control group for the next U-46619-BM 13,177 protocol. Stock solution was prepared using 2 mg of U-46619 dissolved in 0.4 ml of 100% ethanol to achieve an initial concentration of 5 mg/ml that was stored in a Ϫ70°C freezer. A working solution of 100 g/ml was made by removing 20 l from the U-46619 stock solution and adding 980 l of 0.9% saline to obtain the final concentration. Solutions of 50 and 10 g/ml of U-46619 were made by further diluting the 100 g/ml solution with 0.9% saline. Ethanol (2%) served as the vehicle.
U-46619-BM 13,177. We examined the influence of blocking TP receptors with BM 13,177, a specific TP receptor antagonist (37), on the BP, HR, and RSNA responses following intrapericardial application of U-46619 in seven cats. In this protocol, 10 g of a working solution of U-46619 (0.1 ml) were injected into the pericardial space, while BP, HR, and RSNA were recorded. Repeated intrapericardial application of U-46619 was conducted 15 min after intravenous administration of BM 13,177 (30 mg/kg, Hoffmann-La Roche, Nutley, NJ) and 30 min after initial stimulation with U-46619. BM 13,177 was dissolved in 1 ml of 8.4% NaHCO 3 and diluted as needed with 0.9% saline to a concentration of 30 mg/ml. Previous studies have demonstrated that this dose of BM 13,177 completely inhibits platelet aggregation by blocking TP receptors (36, 37) . Following each application of U-46619, the heart was washed three times with 2 ml of warm saline (35°C). Bradykinin (3 g, Sigma-Aldrich) was applied to the gallbladder 20 min after the second application of U-46619 to verify that the animal remained reflexogenic.
U-46619 ϩ procaine. In six separate animals, we examined the effect of local blockade of cardiac nerve transmission with procaine on the sympathoexcitatory responses (BP, HR, and RSNA) following intrapericardial application of 10 g of U-46619 (0.1 ml). In this protocol, 0.1 ml of the U-46619 (100 g/ml) was injected into the pericardium, while BP, HR, and RSNA were recorded. We repeated intrapericardial application of U-46619 3 min after 0.3 ml of 2% intrapericardial procaine, which was 20 min after the initial dose of U-46619. The heart was washed three times with 2 ml of warm saline (35°C) after each application of U-46619. Bradykinin (3 g) was applied on the gallbladder 20 min after the second application of U-46619 to verify that the animal remained responsive.
Ischemia-BM 13,177. In 10 other animals, we examined the influence of TP receptor blockade with BM 13,177 on the sympathoexcitatory reflex responses to regional myocardial ischemia. After stabilization, an initial period of ischemia was induced, while RSNA, BP, and HR were recorded. A second period of ischemia was repeated 15 min after administration of BM 13,177 (30 mg/kg iv), which was 30 min after the initial period of ischemia. Bradykinin (3 g) was applied to the gallbladder at the end of every experiment to demonstrate reflex responsiveness. The group noted above that was studied during repeat ischemia served as the time control for this protocol.
U-46619-pyrilamine and tropisetron. The influence of histamine H 1 and serotonin 5-HT3 receptor blockade with pyrilamine (H1 receptor antagonist) and tropisetron (5-HT3 receptor antagonist) on the BP, HR, and RSNA responses following intrapericardial application of U-46619 was evaluated in five additional cats. In this protocol, 10 g of a working solution of U-46619 (0.1 ml) were injected into the pericardium, while BP, HR, and RSNA were recorded. Repeated intrapericardial application of U-46619 was performed 15 min after intravenous administration of pyrilamine (300 g/kg iv) and tropisetron (300 g/kg iv), 30 min after initial stimulation with U-46619. Our laboratory has demonstrated previously that these doses of antagonists eliminate the cardiac sympathetic afferent responses to histamine and 5-HT (13, 15) .
Data Analysis
RSNA was expressed as the percent change from baseline activity to account for the variability in baseline activity that occurs with multiunit nerve recordings. Baseline activity was determined by averaging RSNA over the 1-min period immediately preceding chem- ical application or over the 3-min period immediately preceding ischemia. Response of RSNA to U-46619 was determined by averaging RSNA during the entire period of each response, defined as the time during which sustained activity exceeded baseline activity by 3%. The RSNA response to ischemia was determined by averaging RSNA during the 5 min of coronary occlusion.
Values are expressed as means Ϯ SE. The Kolmogorov-Smirnov test was used to determine whether the data were distributed normally. Normally distributed data in all protocols were compared with a one-way repeated-measures ANOVA followed post hoc by Tukey's test. Nonnormally distributed data were compared with the Friedman repeated-measures ANOVA on ranks followed by Dunnett's post hoc test. All statistical calculations were performed with SigmaStat software (Jandel Scientific Software, San Rafael, CA). Values were considered to be significantly different when P Ͻ 0.05.
RESULTS
Regional Ischemia
We observed that regional myocardial ischemia induced by occlusion of the second or third diagonal branch of the LAD coronary artery significantly increased the magnitude of the excitatory reflex response in the entire group of cats (n ϭ 10).
To disclose the detailed reflex responses in this group, we found that an increased or excitatory hemodynamic response to ischemia predominated in eight animals, while a slight reduction occurred in two animals. Thus ischemia evoked excitatory hemodynamic responses, including significant increases in MAP from 122 Ϯ 10 to 139 Ϯ 12 mmHg, MAF from 153 Ϯ 18 to 167 Ϯ 20 ml/min, dP/dt 40 from 2,736 Ϯ 252 to 2,926 Ϯ 281 mmHg/s, and systemic vascular resistance from 0.6 Ϯ 0.1 to 0.9 Ϯ 0.12 peripheral resistance units (Fig. 1) in eight animals. HR, which was quite high at baseline (206 Ϯ 21 beats/min), generally was unchanged. Regional myocardial ischemia also evoked increases in RSNA in eight other animals in which this parameter was measured (Figs. 2 and 3) . The onset latencies of excitatory RSNA and MAP responses to myocardial ischemia averaged 33 Ϯ 4 s (n ϭ 8) and 39 Ϯ 6 s (n ϭ 8) and ranged from 29 to 44 and 32 to 49 s, respectively. The ischemia-mediated reflex responses lasted an average of 191 Ϯ 13 s and ranged between 154 and 226 s.
Blockade of local cardiac nerve transmission by epicardial application of procaine prevented the ischemia-evoked excitatory BP and RSNA responses (Fig. 3, C and D) .
Dose Responses
We combined the reflex response data resulting from epicardial and intrapericardial applications of U-46619 together, since the two methods of stimulation evoked a similar reflex responses. We found that application of increasing doses of U-46619 to the heart surface evoked graded sympathoexcitatory reflex responses, including increases in arterial pressure and renal nerve activity in barodenervated and vagotomized cats, while HR was unchanged (Fig. 4) . In contrast, application of the vehicle (2% ethanol) did not alter MAP and RSNA.
U-46619-Procaine and BM 13,177
The increases in MAP and RSNA in response to intrapericardial U-46619 were eliminated by blockade of cardiac neuronal transmission with intrapericardial application of procaine and by blockade of TP receptors with BM 13,177 (30 mg/kg iv) (Fig. 5, Table 1 ). In contrast, application of bradykinin to the gallbladder still increased MAP (35 Ϯ 6.4 mmHg) and integrated RSNA (53 Ϯ 10%) after BM 13,177. The onset latency of arterial pressure and RSNA responses to the initial Fig. 3 . Sympathoexcitatory reflex responses to repeated regional myocardial ischemia before and after treatment with procaine in sinoaortic-denervated and bilateral-vagotomized cats. We observed consistent increases (⌬) in MAP (A) and integrated RSNA (B) evoked during repeated ischemia, before and after administration of the vehicle (2% NaHCO3, 2 ml iv) in eight cats. Conversely, epicardial application of 2% procaine abolished the increases in MAP (C) and integrated RSNA (D) evoked by ischemia in five cats. Values are means Ϯ SE. *P Ͻ 0.05 compared with respective controls. †P Ͻ 0.05 postprocaine vs. preprocaine. stimulation with U-46619 averaged from 47 Ϯ 6 and 41 Ϯ 4 s and ranged from 38 to 56 s and 35 to 51 s, respectively.
Ischemia-BM 13,177
The initial period of regional ischemia significantly increased MAP and RSNA after latencies of 43 Ϯ 10 and 39 Ϯ 11 s, respectively. Blockade of TP receptors with BM 13,177 (30 mg/kg iv) significantly attenuated the ischemia-mediated increases of MAP and RSNA (Figs. 6 and 7) . In contrast, ischemia-mediated reflex responses, including increases in MAP and RSNA, were consistent during initial and repeat regional myocardial ischemia in the absence of blockade (Figs.  2 and 3) . Application of bradykinin to the gallbladder increased MAP (31 Ϯ 7.2 mmHg) and RSNA (48 Ϯ 11%) after BM 13,177.
U-46619 with Pyrilamine and Tropisetron Studies
The excitatory MAP and RSNA responses to intrapericardial application of U-46619 were unchanged by combined histamine H 1 receptor blockade with pyrilamine (300 g/kg iv) and serotonin 5-HT 3 receptor blockade with tropisetron (300 g/kg iv) ( Table 1) .
DISCUSSION
This is the first documentation that endogenous TxA 2 contributes to sympathoexcitatory reflexes during myocardial ischemia. We observed a consistent pattern of hemodynamic re- sponses, including increases in MAP, CO, myocardial contractility, and renal sympathetic efferent nerve activity, during coronary arterial occlusion in barodenervated and vagotomized animals. The reflex nature of the hemodynamic and renal sympathetic nerve responses during regional myocardial ischemia was documented by its disappearance after intrapericardial application of the local anesthetic procaine. Intrapericardial application of the stable TxA 2 mimetic U-46619 elicited similar excitatory responses, including increases in MAP and RSNA. Like ischemia, the reflex responses to U-46619 were eliminated by blockade of cardiac nerve transmission with intrapericardial procaine. Furthermore, administration of the TP receptor antagonist BM 13,177 abolished the reflexes to U-46619 and significantly attenuated the sympathoexcitatory reflex responses to regional myocardial ischemia. In contrast, simultaneous blockade of histamine H 1 receptors with pyrilamine and serotonin 5-HT 3 receptors with tropisetron did not alter the sympathoexcitatory reflex responses to U-46619. Taken together, these data suggest that endogenous TxA 2 contributes strongly to ischemia-related sympathoexcitatory reflex responses through direct stimulation of TP receptors.
Previous studies have suggested that myocardial ischemia in sinoaortic denervated animal evokes mixed reflex responses, including changes in sympathetic efferent activity and arterial BP. In this respect, investigators have demonstrated that myocardial ischemia in sinoaortic-denervated but vagi-intact animals evokes an increase in thoracic sympathetic efferent activity (T 3 level) and no change or a decrease in BP (29) . However, in a similar animal model, others have observed decreases in both renal sympathetic efferent activity and BP during myocardial ischemia, since the sympathoexcitatory reflexes were easily masked by the powerful vagal-mediated inhibitory reflex responses (33, 47, 48, 55) . In acute sinoaorticdenervated and vagotomized animals, occlusion of the LAD or both the LAD and circumflex coronary arteries elicits a consistent increase in sympathetic efferent activity accompanied by a decrease or no change in arterial pressure (34, 46, 55) . Lombardi and colleagues (27) consistently observed increases in both sympathetic efferent nerve activity and arterial pressure during occlusion of the distal one-third of the LAD artery in cats subjected to chronic sinoaortic denervation and acute vagotomy. However, we were unable to repeat this regional ischemia-mediated pressor reflex. In our pilot study, we observed that occlusion of the distal one-third of the LAD artery induced variable arterial pressure responses, including small increases or decreases in arterial pressure in cats that had been subjected to acute sinoaortic denervation and vagotomy. These observations led us to speculate that reflex responses during myocardial ischemia are dependent on the extent of myocardial ischemia and the associated limitation of cardiac pump function vs. the extent of stimulation of cardiac sympathetic pathways, which engenders the excitatory reflex responses. We then occluded the second or third diagonal branch of the LAD to induce more limited regional ischemia and observed that this modified model caused a smaller region of ischemia than occlusion of the distal one-third of the LAD artery based on our observation of change in regional color during ischemia. We also found that this modified model more consistently pro- duced increases in RSNA and reflex increases in arterial pressure, CO, peripheral vascular resistance, and myocardial contractility, measured as a change in dP/dt 40 . Furthermore, the reflex nature of these responses during ischemia was confirmed by elimination of the responses with epicardial procaine. Thus this more constrained model of regional myocardial ischemia displayed consistent and repeatable excitatory hemodynamic and renal sympathetic nerve reflex responses.
TxA 2 , a biologically potent arachidonic acid metabolite, is formed by the action of thromboxane synthase on prostaglandin endoperoxide, mainly in platelets (2, 17) . A number of studies have demonstrated that TxA 2 is produced in large quantities in the coronary circulation of patients with coronary artery disease (43) and in animals with myocardial ischemia (21, 39) . Large increases in TxA 2 coincide with episodes of myocardial ischemia occurring in patients with unstable angina and myocardial infarction (11) . Experimental studies have documented increases in transcardiac TxA 2 during myocardial ischemia in animals with coronary artery stenosis (12, 21, 26) . Parratt and Cokerm (39) , for example, reported increases in TxA 2 concentration in coronary venous plasma draining the ischemic region as early as 3 min after occlusion of a coronary artery branch. Thus TxA 2 is rapidly available as a chemical stimulus of cardiac afferent endings during ischemia, which, when stimulated, lead to sympathoexcitatory reflexes. TxA 2 's role as a vasoconstrictor and platelet activator has been studied extensively (8, 17) . In contrast, only a few recent studies have reported that TxA 2 excites peripheral sensory nerves. For example, exogenous TxA 2 stimulates hindlimb group III and IV afferent nerves (25) . Also, the TxA 2 mimetic U-46619 inhibits the knee-jerk reflex through a vagal pathway originating in the lung (41) . U-46619 also evokes tachypnea and a depressor reflex response, including bradycardia and hypotension through stimulation of the vagus nerve (7, 41, 53) . In addition, infusion of U-46619 into the inferior vena cava of cats causes vagally mediated, rapid, shallow breathing and airway hyperresponsiveness (1, 24, 42) . Intrapericardial application of exogenous TxA 2 also stimulates cardiac vagal chemosensitive afferents in rats (45) . However, because these studies focused on exogenous TxA 2 or a TxA 2 analog, it is unclear whether endogenous TxA 2 stimulates afferent nerves to evoke excitatory cardiovascular reflexes. It is possible that the concentrations of TxA 2 released during pathophysiological conditions like myocardial ischemia are insufficient to activate afferent nerves sufficiently to achieve reflex responses. This question is particularly relevant, since our model of ischemia is relatively brief (only 5 min). However, since TxA 2 is produced mostly from activated platelets, an event that occurs rapidly during ischemia (13), we hypothesized that even brief (5 min) regional myocardial ischemia would be sufficient to activate platelets to produce TxA 2 , which would be sufficient to stimulate cardiac afferent nerves to a degree that would elicit reflex cardiovascular responses. This possibility recently was tested in our laboratory when we demonstrated using single-unit recording techniques to show that ischemically sensitive cardiac spinal afferents were activated by TxA 2 , and that TP receptor blockade with BM 13,177 attenuated the response to ischemia (16) . The present study extends our observations by confirming our current working hypothesis that blockade of TP receptors with BM 13,177 also significantly attenuates sympathoexcitatory reflex responses during brief, regional myocardial ischemia by an average of 45%. Because BM 13,177 is a specific TP receptor antagonist, which selectively blocks TP receptors and eliminates the actions of TxA 2 on platelets and smooth muscle at doses ranging from 5 to 30 mg/kg iv, but not the cyclooxygenase system, including both prostacyclin and thromboxane synthases, prostaglandin E, and prostacyclin receptors (36, 37, 44, 57) , we feel certain that the actions of this antagonist were limited to TxA 2 . The present study, therefore, provides first evidence that endogenous TxA 2 participates in ischemia-mediated sympathoexcitatory reflexes through stimulation of TP receptors.
Our observation that intrapericardial application of U-46619 evokes sympathoexcitatory reflex responses, including increases in arterial pressure and RSNA in sinoaortic denervated and vagotomized animal, contrasts with the results of earlier studies (41, 53) , which have suggested that intrapericardial U-46619 does not alter peak systolic BP of anesthetized cats, either before or after vagotomy. Although the discrepancies between these earlier studies and our current observation are unclear, it is possible that baroreflex activation may have limited the excitatory cardiovascular response to epicardial U-46619, since these previous investigations did not perform sinoaortic denervation. Additionally, in support of the present study, our laboratory recently demonstrated that U-46619 is capable of stimulating cardiac sympathetic afferents (16) , which is likely leading to excitatory cardiovascular reflex responses.
In addition to classical identification of TP receptor on platelets and smooth muscle cells, recent evidence suggests the existence of TP receptors in glial cells in the central nervous system. In this respect, immunohistochemical studies have revealed the presence of TP receptors in oligodendrocytes and astrocytes associated with myelinated fiber tracts, most notably in the striatum, spinal cord, and optic tract (5, 6) . Stimulation of TP receptors in the brain stem of rats by intracerebroventricular injection of U-46619 elevates arterial BP (18) . Furthermore, TP receptors are located on Schwann cells in rat sciatic nerves and nodose ganglion neurons (35, 54) . Recently, we also observed that TP receptors are located in cell bodies of cardiac spinal afferent neurons in the nodose ganglia (16) . It is most likely that U-46619 evoked sympathoexcitatory reflex responses through direct stimulation of cardiac sympathetic afferent nerves, since blockade of TP receptors in the heart with BM 13,177 and blockade of cardiac sympathetic afferent transmission with procaine abolished the reflex responses to U-46619.
Intravenous administration of BM 13,177 blocks TP receptors in platelets, smooth muscle cells, and peripheral nervous system (16, 36, 37) . Previous studies have demonstrated that stimulation of platelet TP receptors leads to release of a number of platelet-derived mediators, including 5-HT and histamine during ischemia (13, 15) . It is possible that these mediators might be responsible for the TxA 2 -related sympathoexcitatory reflex responses during ischemia, since our laboratory's previous studies (13, 15) have shown that both mediators are capable of stimulating cardiac sympathetic afferents during ischemia and thus might elicit the associated excitatory reflex responses. We evaluated this possibility by instituting histamine H 1 receptor and 5-HT 3 receptor blockade before administration of U-46619. Since this blockade did not alter the sympathoexcitatory reflex responses to the TxA 2 mimetic, we suggest that TxA 2 -stimulated 5-HT and histamine release from activated platelets does not play a role in reflex response to this cyclooxygenase mediator. These data also indicate that U-46619 is specific for TP receptors.
Another concern related to intravenous administration of BM 13,177 is that this antagonist may enter the central nervous system to exert its effects. We administered BM 13,177 intravenously, since direct application of the bicarbonate solution, in which the antagonist had been dissolved, to the surface of the heart could limit the change in pH during myocardial ischemia, which we have shown previously can buffer protons derived from lactic acid that contribute to activation of cardiac sympathetic afferents (38) . Furthermore, we do not believe that the intravenous administration of BM 13,177 influences the reflex response to myocardial ischemia by acting on the central nervous system, since BM 13,177 is a water, but not a small lipid soluble molecule that would be able to cross the bloodbrain barrier and exert an action in the central nervous system. Additionally, we have documented that TP receptors are located in dorsal root ganglion, and BM 13,177 administered intravenously blocks the direct effect of U-46619 on cardiac afferent endings (16) . Taken together, it is most likely that intravenous BM 13,177 acts on the cardiac sympathetic afferent endings rather than in the central nervous system to attenuate ischemia-mediated sympathoexcitatory reflex responses.
Our present observation that blockade of TP receptor with BM 13,177 only attenuated the ischemia-mediated sympathoexcitatory reflex responses by average of 45% suggests that multiple factors underlie activation of cardiac sympathetic afferents and the associated excitatory reflex responses. Besides TxA 2 , previous studies from our laboratory and by others have documented that several ischemic mediators, including reactive oxygen species, protons, bradykinin, and cyclooxygenase products, are capable of stimulating/sensitizing cardiac sympathetic afferents and hence have the potential to evoke the sympathoexcitatory reflexes (13-15, 23, 38, 47, 49, 52) . Other metabolic products like histamine and serotonin also appear to be released during ischemia in sufficient quantities to stimulate cardiac sympathetic afferents. However, the present study suggests that the extent of afferent activation by these latter metabolites does not result in cardiac reflex responses. More studies are needed to further explore these important mechanisms, which are closely related to the clinical situation, such as angina pectoris and myocardial infarction.
In summary, regional myocardial ischemia evokes excitatory reflex cardiovascular responses in barodenervated and vagotomized cats, suggesting that cardiac sympathetic (spinal) afferents are responsible for this reflex. Application of U-46619 to the surface of the heart elicits sympathoexcitatory reflex responses that are eliminated by blockade of cardiac sympathetic nerve transmission with local procaine. The present study also provides compelling evidence indicating that TP receptors that have been shown to be located on sympathetic afferent endings in the heart are responsible, in part, for the sympathoexcitatory reflex responses occurring during myocardial ischemia. The excitatory response to stimulation of TP receptors is independent of afferent stimulation by histamine and serotonin. In a recent study, we observed that endogenous TxA 2 rapidly stimulates cardiac spinal afferents during ischemia through activation of TP receptors (16) . These two studies reinforce the conclusion that this arachidonic acid metabolite plays an important role in regulating cardiac spinal afferent activity and the associated reflex responses during ischemia. This new information extends our understanding of the role of endogenous TxA 2 in pathophysiological responses to myocardial ischemia.
